This paper presents studies carried out in a pilot-scale plant for recovery of waste heat from a flue gas which has been built in a lignite-fired power plant. The purpose of the studies was to check the operation of the heat recovery system in a pilot scale, while the purpose of the plant was recovery of waste heat from the flue gas in the form of hot water with a temperature of approx. 90 C. The main part of the test rig was a condensing heat exchanger designed and built on the basis of laboratory tests conducted by the authors of this paper. Tests conducted on the pilot-scale plant concerned the thermal and flow parameters of the condensing heat exchanger as well as the impact of the volumetric flow rate of the flue gas and the cooling water on the heat flux recovered. Results show that the system with a condensing heat exchanger for recovery of low-temperature waste heat from the flue gas enables the recovery of much higher heat flux as compared with conventional systems without a condensing heat exchanger.
INTRODUCTION
One method to increase the efficiency of power units in coal-fired power plants is the recovery of waste heat from the flue gas. However, in the majority of power plants currently operated or being constructed, the systems for the recovery or allocation of waste heat from the flue gas cool flue gas to a temperature higher than the temperature of their saturation (Wójs et al., 2010) . Unfortunately, in this case the degree of cooling of the flue gas and the waste heat flux recovered are low. In order to increase the heat flux recovered, the authors proposed to equip such a system with a condensing heat exchanger. The function purpose of the heat exchanger installed is to increase the heat flux recovered through condensation of water vapour contained in the flue gas. Mathematical modelling and designing such a heat exchanger is a difficult task due to the complex model describing the heat transfer in the presence of inert gas, a concentration of water vapour, the effect of condensation, and a limitation resulting from a large heat flux that affects the overall dimensions of the exchanger (Chaojun et al., 2012; Chaojun et al., 2014; Dexin et al., 2012; Rączka et. al., 2014; Szulc et al., 2012; Szulc et al., 2013; Xiaojun et al., 2011) . Results of laboratory tests (Tietze et al., 2014 were used to design and build a condensing heat exchanger for operation in a real lignite-fired power unit.
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PILOT-SCALE PLANT
The purpose of the studies was to verify the operation of a system with a condensing heat exchanger for waste heat recovery from flue gas in a real power unit of a coal-fired power plant. The pilot-scale plant was supplied with the flue gas from the combustion of lignite. A bypass supplying the condensing heat exchanger was made in the flue gas duct between the electrostatic precipitator and the desulphurization system. Figure 1 shows a general diagram of the pilot-scale plant, while Fig. 2 presents a view of the pilot-scale plant. Fig. 1 . Diagram of the pilot-scale plant for investigating waste heat recovery from flue gas; 1 -condensing heat exchanger, 2 -main fan in the flue gas duct, 3 -supporting fan, 4 -flue gas ash removal system, 5 -flue gas desulphurization system, 6 -chimney, 7 -shut-off gate valve, 8 -cooling water pump, 9 -control solenoid valve Fig. 2 . View of the pilot-scale plant for investigating waste heat recovery from the flue gas The flue gas flowing through the condensing heat exchanger was cooled down to a temperature below the dew point. As a result, condensation of water vapour contained in the flue gas took place and the condensate was being liquefied. The condensate was directed to the sewage system using a special pipeline. Heat was absorbed from the flue gas by water flowing through the heat exchanger.
Condensing heat exchanger
The main element of the pilot-scale plant was a condensing heat exchanger. The task of the heat exchanger was to cool down the flue gas coming from the power unit to a temperature below the dew point and to recover waste heat in the form of hot water with a temperature of 90 °C. The heat exchanger consisted of two units of the condensing part and non-condensing part connected in series. It was a shell and tube heat exchanger with the cross-counter flow whose design parameters are given in Table 1 . The shell of the heat exchanger was made of carbon steel protected with paint coatings, while the tubes with cooling water were made of Teflon. Flue gas flowed in the shell of the heat exchanger and cooling water flowed counter-currently through a system of 40 parallel coil pipes. Figures 3 and 4 present a general view of the condensing heat exchanger.
In order to collect the liquefied condensate along the length of the heat exchanger, a trough with a slight inclination was made, while three inspection ports were made in the part to observe the condensation of water vapour from the flue gas.
The heat exchanger was insulated with 50 mm thick lagging and galvanized aluminium sheet to reduce heat losses to the environment. Due to the aggressive action of flue gas flowing through the heat exchanger, its interior was covered with protective coating.
System for supplying the heat exchanger with flue gas
The condensing heat exchanger was supplied with the flue gas from the main duct of the BB-1150 boiler, while a radial fan was used to adjust the volumetric flow rate of the flue gas (Fig. 5) . The condensing heat exchanger was cooled with raw water flowing through the system of 40 coil pipes connected in parallel. In order to induce the flow, a system of two pumps was used -one of them was working, while the other was a backup. Frequency converters designed for continuous regulation of pressure and performance were built in the pump motors. They are controlled with a controller. In the event of a failure in the pump that is working, the backup pump is activated automatically. In the case of any failure of the converter, the pump switches to operation with maximum revolutions. In practice, such a system of operation protects the heat exchanger against a lack of water flow in the cooling pipes and their overheating.
The system provided the ability to change the temperature of water supplying the heat exchanger. The purpose of the control system was to mix two streams, i.e. the stream of cooling water and the stream of hot water leaving the heat exchanger. By mixing these two streams in adequate proportions, water with the preset temperature was obtained at the inlet of the heat exchanger. Figure 6 shows a diagram of the water cooling system for the condensing heat exchanger. Fig. 6 . Diagram of the water cooling system for the condensing heat exchanger; 1 -condensing heat exchanger, 2 -feed water tank, 3 -feed water pump system, 4 -control solenoid valve
Measuring points of the temperature of the inlet water and its volumetric flow rate were marked in the diagram. These measurements were used as input signals for the systems controlling the temperature and volumetric flow rate of water.
Measuring instruments
Measurement of the volumetric flow rate of the flue gas is one of the most difficult problems. The main ones are ash and high level of water vapour content in the gas. In addition, measurement is hindered by a disturbance in the velocity profile caused by a sudden change in the direction of the flue gas flow. Therefore, in order to measure this parameter, such a pressure grid was selected that is the least susceptible to the heterogeneity of the stream and requires the use of very short sections stabilizing the flow. The design of the pressure grid can be used to measure the difference between the total pressure and the static pressure. The differential pressure to be measured is delivered to converters via special collectors. The output signals of the pressure grid are the pressures the difference of which is equal to the dynamic pressure. A current signal goes out from the pressure transmitter. It specifies the volumetric flow rate of flue gas. Advantages of the pressure grid include a small flow resistance, shorter straight stabilizing sections upstream and downstream of the grid, as well as the possibility to measure the volumetric flow rate of gas with temperatures up to 400 °C. Figure 7 presents a view of the pressure grid. The grid installed in the flue gas duct upstream of the supporting fan is shown in Fig. 8 .
Sensors installed at the inlet and outlet for the flue gas and cooling water were used for measuring the temperature. The distribution of the temperature in the flue gas along the length of the heat exchanger and in its selected cross-section was measured too. In the non-condensing part of the exchanger, there were 6 measuring points in the axis of the heat exchanger as well as 3 points in the selected crosssection used for measuring the flue gas temperature at different heights of the heat exchanger. In the condensing part, there were 5 temperature sensors along the axis and 3 in the selected cross-section. Vortex flowmeters were used to measure the volumetric flow rate of water that cooled the condensing heat exchanger as well as to measure the flow rate of the condensate. The flowmeters of this type are characterized by a high long-term stability, no zero drift and no moving parts. They generate small losses in the system and have high measurement dynamics. In addition, they have a high resistance to vibrations, temperature shocks, contaminated media and water impacts.
All the systems for controlling and collecting measurements in the pilot-scale plant for investigating the waste heat recovery from the flue gas were installed in a system rack.
BALANCE MATHEMATICAL MODEL OF A CONDENSING HEAT EXCHANGER
Process of condensation of water vapour from flue gas
In order to investigate changes of the operating point of the condensing heat exchanger, a balance mathematical model of a condensing heat exchanger was developed (Szulc et al., 2012 . This model takes into account the condensation of water vapour in the presence of inert gas.
Apart from air, the most common gas containing water vapour is a wet flue gas. In such a mixture, the portion of the gas, which is not subject to phase transition, is called dry gas or inert gas. The total pressure of flue gas is the sum of the inert gas partial pressure and the water vapour partial pressure, which in the range of low pressures is described by the Dalton's law. Partial pressure of water vapour in flue gas can be used to determine the saturation temperature, at which the condensation process begins. This pressure is determined on the basis of the molar fraction of water vapour in the gas.
Based on the partial pressure of water vapour, the saturation temperature was calculated. It was adopted as the point, at which the condensation of water vapour contained in flue gas begins.
In order to determine the amount of moisture in flue gas, the mixing ratio was defined as the ratio of the mass of water vapour contained in the inert gas to the mass of the inert gas
m v -mass of water vapour, m i -mass of inert gas.
The process of condensation of water vapour in the presence of inert gas is a more complex phenomenon than condensation of pure water vapour and is described by the Mollier diagram.
The mass flow rate of the condensate being formed depends on the difference between the initial and final mixing ratio in flue gas and is expressed by the following relation ( )
The heat flux from flue gas is calculated as the difference between the initial and final enthalpy of flue gas using the equation
The enthalpy of the flue gas is calculated as the sum of the enthalpy of inert gas and the enthalpy of water vapour
In the process of water vapour condensation described in such a manner, the only variable parameter is the inert gas enthalpy (after exceeding the saturation temperature the moisture content in flue gas changes too). Thus, reference to the mass flow rate of inert gas in the mathematical model is convenient, because its value remains constant in the condensation process.
Heat balance of a condensing heat exchanger
In order to make a heat balance, the condensing heat exchanger was divided into two parts: the part without condensation and the part with the condensation of water vapour. The stream of flue gas was divided into two portions with the values of the mass flow rate of inert gas mdry q and water vapour 1 msdry X q . Flue gas was cooled down to the final temperature T 2 and flowed further to the flue gas desulphurization system. If the temperature of flue gas T 2 was higher than the saturation temperature, the flow rates of both gases did not change. On the other hand, if the flue gas temperature T 2 was lower than the saturation temperature, condensation of water vapour occurs in the heat exchanger. The condensation of water vapour results in a change of its partial pressure, which in turn changed the mass flow rate of water vapour to the value of 2 mdry X q .
The heat exchanger was cooled by water with the mass flow rate mw q and temperature t 1 , which absorbs heat from flue gas. The cooling water leaving the condensing heat exchanger heated up to the temperature t 2 . Thus, the heat flux transferred to cooling water is expressed by the equation
where i w1 , i w2 are initial and final enthalpies of water, respectively. Similar equations will be used also to express the heat flux from inert gas (6) and water vapour (7) contained in flue gas.
( )
Thus the total heat flux transferred from flue gas to water is the sum of Equations (6) and (7) ( )
If the condensation of water vapour occurs, the predominant component of the heat flux transferred to cooling water will be the heat associated with phase transition of water vapour, described by the equation
where r v is heat of evaporation.
Thermal power of the condensing heat exchanger is the sum of the sensible heat associated with the difference in enthalpies of flue gas at the inlet and at the outlet of the heat exchanger and the latent heat resulting from the phase transition occurring in water vapour. Considering the fact that water vapour contained in flue gas is to be subjected to condensation, flue gas must be cooled down to the saturation temperature, at which the process of condensation begins. Thus, heat exchangers of this type are characterized by much higher difference in the temperature between the inlet and outlet of flue gas as compared with heat exchangers without condensation of water vapour. This in turn leads to an increase in the amount of heat recovered from flue gas. The process of condensation of water vapour contained in flue gas begins at the saturation temperature. During this process the temperature is not constant as in the case of condensation of pure water vapour. This results from the presence of inert gas (air) in flue gas and from the fact that the volumetric fraction of moisture decreases as a result of condensation. However, the temperature difference is low in this case. Latent heat is proportional to the amount of the condensate formed, i.e. the difference between the moisture content in flue gas at the inlet and outlet of the heat exchanger. Thus, an important parameter increasing the amount of the waste heat recovered is the moisture content in flue gas, which primarily depends on the type of coal used.
RESULTS OF THE STUDIES AND THEIR ANALYSIS
Verification of the test rig
Due to the fact that the pilot-scale test rig was provided with a number of control systems, the purpose of which as to maintain constant values of parameters such as mass flow rate of the flue gas, volumetric flow rate and temperature at the inlet of the heat exchanger of cooling water, as well as systems for data archiving, it was necessary to gradually incorporate individual components of the test rig and to test their operation. Figure 9 presents the time characteristics for the flue gas temperature at the outlet of the condensing heat exchanger. Figure 9 shows that the temperature begins to stabilize at a constant level after about 35 °minutes of operation of the heat exchanger. It reaches a value of approx. 60 °C. This temperature is lower than the saturation temperature of the flue gas from the combustion of lignite. In this case the saturation temperature is 64 °C. This is important information that indicates that the condensation of water vapour contained in flue gas occurs. Fig. 9 . Time characteristics for the flue gas temperature at the outlet of the heat exchanger Fig. 10 . Distribution of the flue gas temperature along the length of the heat exchanger Figure 10 shows the distribution of the flue gas temperature along the length of the heat exchanger. The saturation temperature of flue gas from the combustion of lignite is marked with a dotted line. From the presented characteristics it can be clearly seen in which part and at which length of the heat exchanger the condensation of water vapour occurs. Figure 11 presents the time characteristic or the water temperature at the outlet pipe of the heat exchanger. 
Studies on changes in thermal and flow parameters of the condensing heat exchanger
Figures 12 and 13 show sample results of studies on changes in thermal and flow parameters of the condensing heat exchanger. Fig. 12 . The relationship between the flow rate and the cooling water temperature at the outlet of the heat exchanger as a function of time Figure 12 shows the relationship between the temperature of the outlet cooling water (dashed line) and the volumetric flow rate of water (solid line) over time. In the investigated range of the cooling water flow, the outlet temperature of water was slightly increasing along with a decrease in the volumetric flow rate. For values of the volumetric flow rate below 2 m 3 /h, water temperature reached the threshold value of approximately 100 °C. Fig. 13 . Dependence between the flow rate of cooling water and the degree of heating it over time Figure 13 shows similar characteristics presenting the volumetric flow rate of water (solid line) and the difference between the temperature at the outlet and inlet of the heat exchanger (dashed line), i.e. the degree of heating the cooling water over time depending on its volumetric flow rate. From Figure 13 it appears that along with a decrease in the volumetric flow rate of cooling water the degree of water heating increases and reaches the maximum value for a flow rate lower than 2 m 3 /h.
Impact of the volumetric flow rate of the flue gas on the operating point of the condensing heat exchanger
The purpose of the study was to determine the impact of the volumetric flow rate of the flowing flue gas on the operating point of the heat exchanger and the amount of the waste heat recovered. This study consisted in changing the volumetric flow rate of the flue gas while keeping constant values of other parameters such as the temperature, moisture content in inlet of the flue gas, inlet temperature, and volumetric flow rate of cooling water. Values of the volumetric flow rate of the flue gas (measured upstream of the heat exchanger) were changed and then all thermal and flow parameters were measured in the steady state. Based on these results, characteristics were prepared. Figure 14 shows the dependence of the moisture content of the flue gas at the outlet from the heat exchanger on the volumetric flow rate of the flue gas. Along with an increase in the volumetric flow rate of the flue gas, the moisture content increased due to the constant flow rate of cooling water and thus less intense process of water vapour condensation. This relationship was almost linear, as shown by the trend line.
Based on the moisture content in the flue gas at the inlet and outlet of the heat exchanger, the mass flow of the condensate formed was calculated. The dependence between the condensate mass flow rate and the volumetric flow rate of flowing flue gas is shown in Fig. 15 .
As demonstrated in Fig. 15 , an increase in the volumetric flow rate of the flue gas causes a decrease in the flow rate of the condensate generated. This dependence, similarly to the earlier one, is linear. Slight changes in the condensate mass flow rate were observed in the investigated range of changes in the volumetric flow rate of the flue gas. Figure 16 shows a balance of heat fluxes in the condensing heat exchanger at a variable volumetric flow rate of the flue gas. Heat losses resulting from losses to the environment were calculated as well as the inaccuracy of calculations, averaging the physical properties of fluids and the uncertainty of measurements. The thermal balance of the condensing heat exchanger was calculated using Equations (5-9). The sign (x) indicates the total heat flux transferred from the flue gas. It consists of the heat flux transferred by inert gas ( ) and the heat flux transferred by water vapour contained in the flue gas ( ). The latter is the sum of the sensible heat resulting from the difference of the inlet and outlet enthalpy of water vapour and the latent heat associated with the phase transition ( ). The sign ( ) designates the heat flux transferred to cooling water and proportional to the difference of the enthalpy of water at the inlet and at the outlet of the heat exchanger. This flux at the same time was the waste heat recovered from the flue gas coming from the power unit. In addition, a slight heat flux was carried along with the condensate flowing out. This flux is marked ( ). In order to calculate the heat losses, the heat flux transferred to cooling water and the heat flux carried away with the condensate were subtracted from the total heat flux of the flue gas. An increase in heat losses accompanying an increase in the volumetric flow rate of the flue gas was observed. However, in relation to the actual power of the heat exchanger these losses did not exceed the value of 60 kW, i.e. approx. 23%. In the investigated range of flows, an increase in the volumetric flow rate of the flue gas caused a slight change in the sensible heat flux transferred by the inert gas and thus in the total heat from the flue gas. The heat flux transferred to cooling water remained practically at a constant level due to small changes in the velocity of flowing the flue gas and thus constant heat exchange conditions.
Impact of the volumetric flow rate of cooling water on the operating point of the condensing heat exchanger
The purpose of the study was to determine the impact of the volumetric flow rate of cooling water on the operating point of the heat exchanger. This study consisted in changing the volumetric flow rate of cooling water while keeping constant values of other parameters such as temperature, moisture content at the inlet of the heat exchanger and volumetric flow rate of the flue gas. Three values of the volumetric flow rate of cooling water were set and then the thermal and flow parameters were measured in the steady state. Figure 17 shows the dependence of the moisture content of the flue gas at the outlet of the heat exchanger on the volumetric flow rate of cooling water. Along with an increase in the volume of cooling water, the moisture content in the flue gas decreased. The water vapour condensation process was more intensive and outlet temperature of the flue gas decreased. Fig. 17 . Influence of the volumetric flow rate of cooling water on the mixing ratio of the outlet flue gas Fig. 18 . The dependence between the condensate mass flow rate and the volumetric flow rate of cooling water Based on the determined moisture content of the outlet and inlet flue gas, the mass flow rate of the condensate formed was calculated. The dependence between the condensate mass flow rate and the volumetric flow rate of cooling water is shown in Fig. 18 .
An increase in the volumetric flow rate causes a growth of the flow rate of the condensate generated due to a decreasing moisture content of the outlet flue gas at a constant moisture content at the inlet. Similarly as in the case of changes in the volumetric flow rate of the flue gas, these dependences have a course similar to the linear one in the investigated range of changes in the volumetric flow rate of cooling water. Figure 19 shows a balance of heat fluxes in the condensing heat exchanger at a variable volumetric flow rate of cooling water. The sign (x) indicates the total heat flux transferred from the flue gas. It consists of the heat flux transferred by inert gas ( ) and the heat flux transferred by water vapour contained in the flue gas ( ). In turn, the latter is the sum of the sensible heat resulting from the difference of the inlet and outlet enthalpy of water vapour and the latent heat associated with the phase cpe.czasopisma.pan.pl; degruyter.com/view/j/cpe transition ( ). The sign ( ) designates the heat flux transferred to cooling water and proportional to the difference of the enthalpy of water at the inlet and at the outlet. This flux at the same time is the waste heat recovered from the flue gas coming from the power unit. In addition, a slight amount of heat is carried away together with the condensate flowing from the heat exchanger. This flux is marked ( ). In order to calculate the heat losses, the heat flux transferred to cooling water and the heat flux carried away with the condensate were subtracted from the total heat flux of the flue gas.
The increase in the volumetric flow rate of cooling water caused a distinct increase in the latent heat and thus the total heat transferred by the flue gas. The main reason for this was a more intense process of liquefaction of the condensate from the flue gas. An important observation was made that the heat flux transferred to cooling water increased and thus the amount of the waste heat recovered was also greater. In this case, heat losses remained at a constant level of approx. 25-30 kW, i.e. approx. 6-13% of the actual power of the heat exchanger. The thermal balance of the condensing heat exchanger was calculated using Equations (5-9). The paper describes a pilot-scale plant for the recovery of low-temperature waste heat from the flue gas which was installed in a power unit of a lignite-fired power plant. In contrast to installations of this type currently operating in power plants, the system proposed by the authors uses the process of condensation of water vapour contained in the flue gas. If the condensation process is taken into account, the flux of the waste heat recovered will increase. The principle of operation of the plant was presented and its main elements were described. The condensing heat exchanger with a cross-counter flow of cooling water as well as the control and measurement systems were described. On the basis of the studies conducted on the pilot-scale plant it was found that the heat flux recovered was much higher than that used currently in systems without condensation of water vapour. In the case of the pilot-scale plant, the waste heat flux recovered exceeded 250 kW, out of which the share of latent heat from the condensation of water vapour accounted for 60% of the total heat flux. The water temperature at the level of 90 °C allows to reuse the recovered heat in the power unit, e.g. in the regeneration system, for air heating, or for a district heating network. 
